In the silicon ribbon on a sacricial template process silicon is deposited on both sides of a carbon ribbon, thus forming a Si/carbon/Si trilayer. The fast cooling of the ribbon in large temperature gradients generates stresses that are detrimental to both the electrical performance and the mechanical behaviour of the wafers. The assessment of the stresses is crucial for the setting-up of thermal treatments allowing for the stress relaxation of the wafers, prior to the cell fabrication. We present an analysis of the stress in the as-grown trilayer by a simulation of the thermomechanical behaviour of the cooling ribbon. Experimental measurements of the stress in as-grown and annealed trilayers are also presented. The results permit to establish the conditions for optimized growth and annealing.
Introduction
Silicon ribbon technology has emerged as a cost--eective method alternative to other multicrystalline Si growth processes [1, 2] . Among these technologies, the silicon ribbon on a sacricial carbon template (RST) technique developed by Solarforce has emerged as the ribbon technology able to produce quasi at thin wafers down to 50 µm at high pull rates (≥ 5 cm/ms); a conversion eciency of 16% has recently been obtained on RST wafers 80 µm thick [3, 4] . The vertical growth conguration at high pulling speeds of this technique results in large temperature gradients, in excess of 1000
• C/cm at the solid liquid interface; such large gradients build up thermal stresses, which eventually have detrimental consequences on both the electrical properties of the ribbon wafers, and the mechanical yield of the process. Two challenges for further improvement of the RST technology are the optimization of the electrical performances to reach conversion eciencies above 17%, and the reduction of the residual stresses.
We present herein an analysis of the residual stress in the RST-Si by using two approaches; namely: (i) a simulation of the thermomechanical behaviour of the cooling ribbon using the Abaqus software, which takes into account the ribbon dimensions and the experimental pulling conditions and (ii) the measurement of the residual stresses on the free silicon ribbon surface by µ-Raman spectroscopy.
The thermomechanical simulation took into account the viscoelastic properties of silicon and gave * corresponding author; e-mail: oscar@fmc.uva.es the maximum deformation of the cooled ribbon in the absence of post-annealing treatments. µ-Raman scans and maps were made on dierent samples, as-grown (i.e.
prior to the removal of the carbon ribbon) and after post growth annealing treatments, either o-line (or ex situ ) and in-line with growth.
Experimental and samples
In the RST process, a carbon ribbon, composed of a soft low density graphite ribbon coated on both sides by a high density pyrocarbon layer deposited by chemical vapor deposition (CVD) is vertically pulled upwards throughout a crucible lled with molten silicon. The freezing meniscus thus formed on both sides of the carbon ribbon yields a Si/carbon/Si trilayer coming out of the growth chamber. Afterwards, the trilayer is laser cut and exposed to an oxygen-rich gas at high temperature (≈ 1000 The stresses, the warpage of the RST ribbon and the silicon thickness across the ribbon were estimated by means of thermomechanical simulations using the Abaqus software. An iterative method described in a previous work was used to take into account the occurrence of asymmetrical growth [6] . Due to the lack of data on the A detailed calculation of the stress from the Raman shift would require the knowledge of the crystal orientation [8] ;
the stress was approximated using the Raman shift induced by biaxial stress in the (100) plane (σ = 250
(MPa/cm −1 ) * ∆ω) [9] from which the residual stresses were calculated. Raman maps were obtained in dierent zones of the samples both as-grown and after annealing;
the same zones of the as-grown and annealed samples were mapped by µ-Raman spectroscopy in order to evaluate the inuence of the annealing step on the residual stress relaxation.
Results and discussion
The simulation of the stress in RST Si predicted a rapid increase of the amplitude of the deformation ∆z beyond acceptable limits (> 1 mm) for ribbon widths above 
